The vapor-liquid equilibrium of several acetic acid-water-salt systems under atmospheric pressure was determined by employing lithium nitrate, magnesium nitrate, potassium nitrate, and potassium acetate as salts. In the vapor-liquid equilibrium of an acetic acid-water-salt system, lithium nitrate, magnesium nitrate, and potassium nitrate showed a salting-out effect, while potassium acetate showed a salting-in effect. The vapor-liquid equilibria with the nitrate, chloride, bromide, and acetate salts at a salt concentration of 1.0 mol/kg were also determined, and it was shown that by keeping the anion the same and changing the cations of salts with those having a smaller hydration enthalpy showed an increased salting-out effect. Alternatively, when the cation was kept the same, the salts showed the salting-out effect in the following order: chloride > bromide > nitrate > acetate salts; the acetate salt showed a salting-in effect.
Introduction
Mixed acids containing hydrofluoric acid, nitric acid, hydrochloric acid, or acetic acid as components of etching agents have been used in the fabrication of semiconductors and liquid crystals. The mixed acid wastewater after the fabrication, which is as much as 3 million ton of waste acid every year, is mostly neutralized. In order to recycle this waste acid, it is desirable to recover these acids from the mixed acid wastewater by methods such as membrane separation, precipitation separation, azeotropic distillation, and extraction distillation. However, these methods have certain drawbacks such as large area requirements, contamination of the azeotropic agent into the distillate, generation of secondary wastewater, and degradation of the membrane. A potentially efficient method for separating and recovering acid is distillation in combination with the salting effect [1] [2] [3] . The salting effect is a phenomenon in which the addition of a nonvolatile salt modifies the activity and the ratio of relative volatility of each component, thus influencing the vapor-liquid equilibrium of a mixed solvent. The method is advantageous because the salt is recyclable and the distillate does not contain the salt. However, there are only a limited number of reports on this phenomenon, and thus, limited vapor-liquid equilibrium data on the influence of the salting effect on the vapor-liquid equilibrium of acid-containing systems. A possible reason for this is the difficulty in calculating the liquid-phase activity coefficient of an acid because of the association/dissociation and pH of the acid. In studies of the salting effect on the vapor-liquid equilibrium of acid-containing systems, we have accumulated vapor-liquid equilibrium data by measuring the salting effects on the vapor-liquid equilibrium of nitric acid-water and hydrofluoric acid-water systems [4, 5] . In previous study, we confirmed that the salt effect of cesium nitrate allow the separation of hydrofluoric acid from nitric acid-water despite the hydrofluoric acid-nitric acid-water system with near vapor-liquid equilibrium curves [6] . In fact, cesium nitrate showed a saltingout effect on the vapor-liquid equilibrium of the hydrofluoric acid-water system and a salting-on effect on the nitric acid-water system. For the acetic acid-water-salt system, E. Vercher et al. reported the salt effect of sodium acetate [7] , lithium acetate [8] and potassium acetate [9] . On the other hand, A.S. Narayana et al. reported the salt effect of saturated potassium chloride, sodium sulfate and potassium sulfate on the vapor-liquid equilibrium of the acetic acidwater system [10] . However, the other salt effect such as other nitrates, chlorides and bromine compounds.
In the present study, the influence of the salting effect on the vapor-liquid equilibrium of acetic acid-water systems was determined, because vapor-liquid equilibrium data are fundamental for establishing a process for distillation and regeneration of mixed acid wastewater. The salts employed in this study were lithium nitrate, magnesium nitrate, potassium nitrate, and potassium acetate. In addition, in order to analyze the influence of the salting effect according to the nature of the salt, the salting effects of nitrate, chloride, bromide, and acetate salts at a salt concentration of 1.0 mol/kg were determined.
Apparatus, Method of Measurement, and Validity of Apparatus

Apparatus for Measuring Vapor-Liquid Equilibrium
The aqueous acid solutions used in this study are highly concentrated with salt and thus viscous; as a result, they can easily cause bumping. Therefore, the vapor-liquid equilibrium was determined by using a circulation-type experimental apparatus of vapor-liquid equilibrium measurement to measure the vapor-liquid equilibrium, because it is less influenced by the solution bumping. Fig. 1 shows the schematic of the Othmer-type experimental apparatus of vapor-liquid equilibrium measurement used in the present study to measure the vapor-liquid equilibrium. The apparatus is made of Pyrex glass, except for the heater and the joint. The capacity of the heat still (1) is approximately 350 cm 3 ; the sample solution is heated with a cartridge heater (2) and a mantle heater (3) . The solution in the apparatus is heated when the protrusion on the bottom is heated with an overheated air supply (protrusion boilingtype still), and thus, the solution in the heated still is well agitated. The capacity of the vapor phase reservoir (6) is 13 cm 3 , much smaller than the heat still. The applied voltage is regulated using a temperature-indicating regulator (NF30-FA; Mitsubishi Electric Corporation). The temperature of the sample is determined using a platinum resistive element thermometer (5) with an accuracy of ±0.2 °C (AE500, Rlc Instrument Inc.). The vapor generated is condensed in a condenser (4) as cooling water is fed and circulated therein from a circulating constant-temperature bath. The glass elements are connected to each other with joint clamps. Atmospheric pressure was measured by the portable pressure indicator with an accuracy of ±0.5 kPa (BA-9116, Custon).
Validity of Apparatus for Measuring Vapor-Liquid Equilibrium
The validity of the Othmer-type experimental apparatus of vapor-liquid equilibrium measurement was investigated by calculating the activity coefficients by measuring the vapor-liquid equilibrium of methanol-water systems at atmospheric pressure. The composition of the liquid and vapor phases of methanol-water systems was determined by measuring the density thereof with a portable density/specific gravity meter at 25 °C. The measurement results are summarized together with the literature values in Figure 2 and Table 1 − 167 − data were 0.72% for vapor-phase composition and 0.36 K for boil-ing point. These results are in good agreement with the literature values [11] . Thermodynamic validity of the apparatus was confirmed by the Herington area test [12, 13] . The data was considered as being consistent on the basis of D and J values shown in following equation for the isobaric data case.
( 1 )
Where A and B the areas above and below the zero line of ln(γ1/γ2) versus x1 plot (Fig. 3 ), respectively. ( 2 ) In order to pass the test, D-J < 10 is required. The D value was 6.54 and the J value was 9.56. Thus, the vaporliquid equilibria datas in this study satisfy the requirement D-J<10. The results demonstrate that the vapor-liquid equilibrium data obtained using this apparatus is sufficiently accurate, reproducible, and thermodynamically reliable.
Reagents and Test Methods
Reagents
The water used in this study was obtained by the distillation of ion-exchange water. The acetic acid and the salts used were all special grade reagents, manufactured by Wako Pure Chemical Industries. The purity of the acetic acid was ≥99.7% and the purities of all salts were ≥97.0%.
Test Methods
The detail of test method is addressed in previous paper [4] . The sample solutions were prepared by adding various salts to acetic acid-water systems so as the interval of salt concentration between each system to be same. The isobaric vapor-liquid equilibriums of the acetic acid-water system and the three-component acetic acid-water-salt system were determined under the atmospheric pressure using Othmer-type experimental apparatus of vapor-liquid equilibrium measurement. After confirming that the salt was completely dissolved, the sample solution was placed in a heat still (1) and heated therein with a cartridge heater (2) and a mantle heater (3). The system was considered to be in equilibrium when the sample solution boiled, the vaporphase condensate recirculated within the device, and the vapor temperature was stabilized. After equilibration, the equilibrium temperature and the atmospheric pressure were recorded and the vapor-and liquid-phase samples were collected by. The concentration of acetic acid in each Vapor-liquid equilibria of a methanol(1)-water(2) system at 1.0 atm Fig. 2 Vapor-liquid equilibrium data for methanol(1)-water(2) systems at 1.0 atm This work
This work Maripuri and Ratcliff (1972) sample was determined by neutralization titration with aqueous 0.1 mol/dm 3 sodium hydroxide solution in an automatic potentiometric titrator (AT-510; Kyoto Electronics Manufacturing Co., Ltd.).
Results and Discussion
The measured values of the isobaric vapor-liquid equilibrium of acetic acid-water systems at 1 atm are shown in Table 2 and Fig. 4 , together with the thermodynamically reliable literature values [14] . The measured and literature values agreed well in the low-concentration range; however, in the higher concentration range, the values did not match, possibly because of the intermolecular association of acetic acid in the vapor phase.
The isobaric vapor-liquid equilibrium of acetic acidwater-salt systems at 1 atm was determined by adding lithium nitrate, magnesium nitrate, potassium nitrate, or potassium acetate to the mixed acetic acid-water solutions, and taking the solubility of the salt into consideration. Results of the vapor-liquid equilibrium measurements and the vapor-liquid equilibrium diagrams of the acetic acidwater-lithium nitrate, acetic acid-water-magnesium nitrate, acetic acid-water-potassium nitrate, and acetic acid-waterpotassium acetate systems are shown in Tables 3-6and Vapor-liquid equilibrium data for acetic acid(1)-water(2) systems at 1.0 atm Table 2 Vapor-liquid equilibrium data for acetic acid(1)-water(2)-lithium nitrate(3) systems at 1.0 atm 
Salt concentration − 169 − used in this study, with the exception of potassium acetate, showed a salting-out effect on increasing the acetic acid concentration in the vapor phase, possibly because the salts are solvated selectively with water, which increases the relative volatility of acetic acid. It was also confirmed that the salting-out effect increased when the salt concentration increased. In order to evaluate the influence of the type of salt on the salting effect in the acetic acid-water systems, the isobaric vapor-liquid equilibriums of the acetic acidwater-salt systems with nitrate, chloride, bromide, and acetate salts (1.0 mol/kg) at 1.0 atm at a liquid-phase composition of 0.1 were determined; the results are summarized in Table 7 . The relationship between the hydration enthalpy of the cation and the ratio of relative volatility, and between the crystalline ionic radius of the cation and the ratio of relative volatility were examined; the former is shown in Fig. 9 and the latter in Fig. 10 . In previous study, Vapor-liquid equilibria of acetic acid(1)-water(2) -magnesium nitrate(3) systems at 1.0 atm Fig. 6 Vapor-liquid equilibria of acetic acid(1)-water(2) -potassium nitrate(3) systems at 1.0 atm Fig. 7 Vapor-liquid equilibrium data for acetic acid(1)-water(2)-magnesium nitrate(3) systems at 1.0 atm Table 4 Vapor-liquid equilibrium data for acetic acid(1)-water(2)-potassium nitrate(3) systems at 1.0 atm Table 5 Liquid phase
Vapor Phase 
the we found that the relative volatility has the liner relationship with enthalpy of solution [4] . On the other hand, it is considered that the salt effect has the relationship with solvation [15] . Enthalpy of hydration of an ion is the amount of energy released when a mole of the ion dissolves in a large amount of water forming an infinite dilute solution. Therefore, it is deemed that the enthalpy of hydration is related with the energy of solvation. The relationship between the hydration enthalpy [16] of the cation and the ratio of relative volatility is drawn in Fig.9 . The hydration enthalpy of the cation had the linear relationship with the relative volatility. Fig. 9 shows that the saltingout effect increases when the hydration enthalpy of the cation decreases. It was shown that the nitrate, chloride, bromide, and acetate salts have a specific slope, with the ratio of relative volatility being largest for chloride salts; this ratio decreases in the following order: bromide salts > nitrate salts > acetate salts. It is expected that the relative volatility increased by increasing by increasing solvation between cation of salt and water because the hydration enthalpy of the cation increased. Fig. 10 shows that a cation with a smaller crystalline ionic radius shows an intensified salting-out effect. This is because such cations seem to have an enhanced salting-out effect, as they have an increased charge density and show increased interaction with water molecules, thus forming hydrated ions. It was also found that potassium acetate, if added, shows a salting-in effect by decreasing the acetic acid concentration in the vapor phase. This is likely because the relative volatility of acetic acid drops owing to the interaction of acetic acid and the acetate ion formed by the dissociation of potassium acetate in the liquid phase. We will discuss the relationship among relative volatility, the hydration enthalpy of cation and ion radius at other salt concentration.
Conclusions
The vapor-liquid equilibrium of acetic acid-water-salt systems under atmospheric pressure was determined using four salts: lithium nitrate, magnesium nitrate, potassium nitrate, and potassium acetate. The acetic acid-water-po tassium acetate system showed a salting-in effect by decreasing the acetic acid concentration in the vapor phase, while the other systems manifested a salting-out effect by Vapor-liquid equilibrium data for acetic acid(1)-water(2)-potassium acetate(3) systems at 1.0 atm Table 6 Vapor-liquid equilibrium data for acetic acid(1)-water(2)-salt(3) systems at 1.0 atm Table 7 Relationship between ratio of relative volatility and hydration enthalpy Conditions; Salt conc. is 1.0 mol/kg α s /α is value when mole fraction of acetic acid in liquid phase is 0. increasing the acetic acid concentration in the vapor phase. Measurements of the salting effects with nitrate, chloride, bromide, and acetate salts at a salt concentration of 1.0 mol/kg showed that the ratio of relative volatility in salts of same cation is greatest for the chloride salt, and decreases in the following order: bromide salt > nitrate salt > acetate salt. In terms of the relationship between the hydration enthalpy of the salt cation and the ratio of relative volatility, it was shown that the salting-out effect is intensified as the hydration enthalpy of the cation decreases. Similarly, in the relationship between the crystalline ionic radius of the salt cation and the ratio of relative volatility, it was found that the salting-out effect is intensified as the crystalline ionic radius of the cation decreases.
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